Reagents used in spent nuclear fuel recycling impart unique contaminant patterns into the product stream of the process. Efforts are underway at Pacific Northwest National Laboratory to characterize and understand the relationship between these patterns and the process that created them. A main challenge to this effort, recycling processes that were employed at the Hanford site from 1944-1989 have been retired for decades. This precludes direct measurements of the contaminant patterns that propagate within product streams of these facilities. In the absence of any operating recycling facilities at Hanford, we have taken a multipronged approach to cataloging contaminants of U.S. reprocessing activities using: (1) historical records summarizing contaminants within the final Pu metal button product of these facilities; (2) samples of opportunity that represent intermediate products of these processes; and (3) lab-scale experiments and model simulations designed to replicate contaminant patterns at each stage of nuclear fuel reprocessing. This report provides a summary of the progress and results from Fiscal Year
INTRODUCTION
The Hanford Site in Washington became the location for U.S. plutonium production during World War II. The Pu produced at this site was used in "Trinity" and "Fat Man", the name given to the world's first test of a nuclear weapon in April 1945, and the first Pu nuclear weapon used in combat dropped on Nagasaki, Japan on August 10, 1945. Plutonium production and reprocessing continued at the Hanford site through 1989, culminating in the production of roughly two-thirds of the U.S. weapons stockpile of Pu. The remaining one-third of the stockpile was produced at the Savannah River Site between 1953-1992 [1] . Efforts described here are focused on categorizing intermediate and final contaminant patterns in the Pu product stream of past reprocessing activities at the Hanford site. From 1944 through the mid 1980's a total of nine light water cooled, graphite moderated, reactors operated at the Hanford nuclear reservation, producing a total of 67 MT of Pu for the U.S. Pu stockpile [1] . These reactors burned a variety of natural, depleted, enriched and recycled U fuels. Spent fuel was reprocessed using one of three main methods including, the Bismuth Phosphate method (1944) (1945) (1946) (1947) (1948) (1949) (1950) (1951) (1952) (1953) (1954) (1955) (1956) , the REDOX or Hexone method (1952) (1953) (1954) (1955) (1956) (1957) (1958) (1959) (1960) (1961) (1962) (1963) (1964) (1965) , and the PUREX method . In addition to reprocessing, Pu metal reduction was also carried out at Hanford's Plutonium Finishing Plant from 1949 through the early 1990's, resulting in the production of ~2kg plutonium metal "Buttons". Previous efforts (Schwantes et al., 2010) identified high Al concentrations within buttons produced in 1955 and 1956 and attributed this to the addition of Al(NO 3 ) 3 during reprocessing. The identification of a reagent within the product stream after reprocessing, chemical conversion, and metal reduction exemplifies the refractory nature of reagents and their potential usefulness as signifiers of process history.
BACKGROUND

Bismuth Phosphate
The Bismuth Phosphate reprocessing method was the world's first industrial-scale reprocessing method. This method was based upon a series of precipitations and solid-liquid phase separations in order to separate Pu from spent nuclear fuel components. Briefly, spent fuel was dissolved in nitric acid. Uranium ions were stabilized in solution with the addition of sulfate, while Pu was reduced and co-precipitated with the fission products (predominantly lanthanides) away from the U using bismuth phosphate. After phase separation and dissolution of the solid phase product, Pu is stabilized in solution by oxidation while the fission products are again precipitated with bismuth phosphate. This cycle of reduction, precipitation, phase separation, dissolution and oxidation are repeated several times to enhance the effectiveness of separation. In the final cycles of the separation method, the more effective, but also more corrosive compound, lanthanum fluoride, is used in place of bismuth phosphate as the co-precipitate of choice. The fission product concentration listed on pg 130 of Hanford document HW-10475C was used to determine the concentration of Cs and lanthanide fission products that were present in the uranyl nitrate hexahydrate (UNH) solution that was sent through the separations process. Eu was used to represent all the lanthanides in the UNH metal solution. The composition of the UNH solution used on the lab scale experiments is shown in Table 1 . Non-rad Eu and Cs were added in the forms of aqueous Eu(NO 3 ) 3 and Cs(NO 3 ) to give the solution the correct concentration of Cs and lanthanides without adding the activity associated with 152 Eu and 134 Cs. The fate of Na + from reagents was traced using 22 Na. 207 Bi was added to trace the fate of the bismuth reagents used throughout the process. The goal is to get accurate numbers for the partitioning coefficients for the first precipitation step in the bismuth phosphate process. 
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Section 8 "Product Extraction" of The Bismuth Phosphate Process Executed On Lab Scale
The summary of the lab scale execution of the "Product Extraction" step in the bismuth phosphate process is summarized in Tables 2-11 . This process was scaled down by a factor of 1.84×10 -7 . Tables 2, 4 , 6, 8 and 10 show the quantities reported in the full scale process and the quantities used in the lab scale process. Section 8B, the Filtration and wash step of the "Product Extraction" section, was modified slightly (by the use of a filter syringe) to better represent the solution extraction that can occur on the full scale process. The solution was centrifuged at 900 rpm for 5 minutes. The supernate was pipette off and added to a 0.2 µm pore size filter syringe. The remaining cake was washed with 1 mL of H 2 O and then centrifuged again at 900 rpm for 5 minutes. The wash H 2 O was pipetted off and added to the same filter syringe that contains the supernate. The cake was washed two more times using this method. The supernate/wash solution was then filtered through the 0.2 µm pore size filter into a 20 mL scintillation vial. The syringe and filter were washed with H 2 O two times. The filter syringe washes where added to the supernate wash solution. 500 µL of 18 M HNO 3 was added to the liquid fraction to keep every thing dissolved after dilution. The liquid fraction was diluted until the total mass of the solution equaled 10g. This liquid fration was labeled and sent for counting. The cake was dissolved with 8 M HNO 3 and transferred to a 20 mL scintillation vial. The centrifuge tube that contained the cake was washed three times with 8M HNO 3 . These HNO 3 washes were combined with the dissolved cake in a 20 mL scintillation vial. The total mass was adjusted to 10g with H 2 O. A schematic of the "Product Extraction" section of the Bismuth Phosphate process is shown in Figure 2 . Gama spectra of the three solutions collected (solution before adding H 3 PO 4 , solution containing supernate after adding H 3 PO 4 and the dissolved cake solution) were taken using a germanium gamma detector. These spectra were used to quantify the contents of each of the solutions. Since the mass of the fraction collected before H 3 PO 4 was added is less than half the remaining fraction for precipitation, the fractions were normalized so that activities obtained from counting were directly comparable. The normalized activity in the solution before H 3 PO 4 was added was regarded as the total activity added. The activity of the supernate solution after H 3 PO 4 was added was divided by the total activity (activity before H 3 PO 4 ) to get the percentage of tracer in supernate. The activity of the cake was divided by the total activity (activity before H 3 PO 4 ) to get the percentage of tracer in the cake. Vials, file names and counting results are labeled with the notebook page the run was started, the LRB #60155 and the corresponding fraction. The notebook page runs were started on sectioned off bellow. 
RESULTS & DISCUSSION
Run on pg 92 of LRB 60155
Several runs where made with 207 Bi as the only tracer. These runs were used to fine-tune the procedure shown in the schematic of Figure 1 . The last of these runs is summarized in the tables below. Much more 207 Bi tracer had to be used in order to detect the Bi in each of the fractions. Since the Bi tracer was in a HCl solution and HCl is not in the process the solution was converted to a HNO 3 solution by heating in concentrated HNO 3 .
Run on pg 98 of LRB 60155
Results from the first execution of the "Product Extraction" section of the Bismuth Phosphate process is shown in tables 4 and 5. This run contained the tracers 152 Since two different counting experiments were done to determine the activity in the cake and the activity left in solution, the difference between the sum of the two activities for a given nuclide and 100% indicates the error in the experiment. One source of error may be in the less than perfect separation of the supernate solution from the cake after precipitation. An indicator of this error is that activity from 207 Bi was detected in the syringe filter after filtration. Since this activity is small and there is not a calibrated geometry of the syringe filter quantities of tracers left in the syringe filter could not be obtained. The error in the 134 Cs activity is not explained by Cs getting stuck in the syringe filter.
Run on pg 105-1 of LRB 60155
For these next few runs 239 Pu was added in concentrations of 250 g per metric ton of uranium (250 ppm). This is roughly the concentration of Pu in the eradiated fuel rods used in this process according to HW-10475C pg 1. For 1g of stock UNH solution ( This run was not executed like the previous runs. Fractions for counting, in this instance, were not collected before precipitation. As such, the percent in cake and in solution were not independently verified. 
Summary of Lab Scale runs of Sections 12 "Preparation For First By-Product Precipitation" and 13 "First By-Product Precipitation"
A lab scale execution of sections 12 "Preparation For First By-Product Precipitation" and 13 "First By-Product Precipitation" were carried out using the same concentration of To run through sections 12 and 13 at a lab scale we had to run at a 9.22×10 -7 scale. Since most all of the uranium should be removed after section 8 no uranium was included in these runs. Section 8 was run cold in order to produce a 1.14167 g of dissolved BiPO 4 cake solution (output of section 8C). In sections 12 and 13 Pu should be oxidized to Pu +6 and remains in solution while the fission products precipitate out with the BiPO 4 . The oxidants used are NaBiO 3 , and Na 2 Cr 2 O 7 . The Ce-Zr solution mentioned in Tables 13 and 14 consisted of a solution that contained 5.6% (NH 4 ) 2 Ce(NO 3 ) 2 , 3.6% ZrO(NO 3 ) 2 and 6% HNO 3 . This Ce-Zr solution is indicated (in HW-10475C) to be a scavenger agent that aids in the precipitation of the byproducts (fission products). Also noted in HW-10475C the presence of the Ce-Zr solution also decreases the product (Pu) yield in these steps. The lab scale execution of sections 12 and 13 are summarized in Tables 10-13. Section 13B is the centrifugation step for the solution generated in section 13A. After the H 3 PO 4 is added to the solution in 13A a white precipitate formed. This solution was centrifuged at 4400 rpm for 5 min. The supernate was pulled off and collected in a second centrifuge tube. 200 μL of water was added to wash the cake. The cake solution was then centrifuged again at 4400 rpm for 5 min. The wash water will pulled off and added to the second centrifuge tube along with the supernate. The filtrate was then used in section 13C. Section 13D is a centrifugation step where the left over NaBiO 3 solid is separated out. The solution form 13C was centrifuged at 4400 rpm for 5 min. The supernate was transferred to a 20 mL scintillation vial. The solid cake was washed with 175 μL of H 2 O and then centrifuged again at 4400 rpm for 5 min. The wash water was added to the 20 mL scintillation vial with the supernate. The cake was carried on to section 13E and the supernate and wash water were diluted to a 10 mL volume with H 2 O and submitted for counting. Section 13E outlines the dissolution of the cake generated in sections 13B and 13E. This cake is supposed to contain the fission and be devoid of plutonium. The dissolution procedure is summarized in Table 13 . The dissolved cake solution from section 13E was transferred to a 20 mL scintillation vial. The solution was diluted to a 10 mL volume and then submitted for counting. The results from gamma counting the dissolved cake solution from 13E and the supernate from section 13C are shown in Table 14 . The results of this run were not quite as expected. The Pu was supposed to stay in solution but in this run we got a nearly 50:50 split. This odd result could have been caused by insufficient quantities of oxidants added.
FUTURE
Efforts are underway to rectify the unexpected results from the Lab Scale runs of Sections 12 "Preparation For First By-Product Precipitation" and 13 "First By-Product Precipitation". Once these issues are worked out, lab scale replication of the remainder of the steps in the Bismuth Phosphate process will continue. In addition, chemical equilibrium models are being developed at PNNL to simulate the Bismuth Phosphate process. These models use a Newton-Raphson numerical method to solve for a series of nonlinear equations describing equilibrium within the system. These models require a database of equilibrium constants describing all important chemical reactions within the system and calculate activity coefficients using Debye-Huckel or virial approaches [4] , depending upon the ionic strength of the system being modeled. In a few instances, unique samples of opportunity with defined pedigree to historic recycling efforts at Hanford have been identified and analyzed for their elemental composition [5] . Analyses of these samples provide a realistic picture of contaminant patterns at certain points within the industrial-scale process that can be compared to results from lab-scale and model process replication efforts.
